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Abstract We present the first results on the production of
pseudo-scalar Higgs boson through gluon fusion at the LHC
to N3LO in QCD taking into account only soft-gluon effects.
We have used the effective Lagrangian that describes the
coupling of the pseudo-scalar Higgs boson with the gluons
in the large top quark mass limit. We have used quantities
that have recently become available, namely the three-loop
pseudo-scalar Higgs boson form factor and the third order
universal soft function in QCD to achieve this. Along with
the fixed order results, we also present the process depen-
dent resummation coefficient for a threshold resummation to
N3LL in QCD. Phenomenological impact of these threshold
N3LO corrections to pseudo-scalar Higgs boson production
at the LHC is presented and their role in the reduction of the
renormalization scale dependence is demonstrated.
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1 Introduction
The spectacular discovery of the Higgs boson [1,2] at the
Large Hadron Collider (LHC) has put the Standard Model
(SM) of elementary particles on a firm footing. Most impor-
tantly, the mystery of the electroweak symmetry breaking
[3–7] mechanism can now be solved. The consistency of the
measured decay rates of the Higgs boson to a pair of vector
bosons namely W+W−, Z Z and fermions bb, ττ with the
precise predictions of the SM for the measured Higgs boson
mass of 125 GeV within the experimental uncertainty [8,9]
makes this discovery very robust. In addition, there is a strong
evidence that the discovered Higgs boson has spin zero and
even parity [10,11]. The ongoing 13 TeV run at LHC will
indeed provide further scope to the study of the properties of
the Higgs boson in great detail.
While the SM is complete in the sense that all of its predic-
tions have been tested experimentally, the model suffers from
various deficiencies, as it cannot explain the baryon asymme-
try in the Universe, dark matter, the neutrino mass etc. There
are several extensions of the SM, motivated to address these
issues. The minimal version of the Supersymmetric Standard
Model (MSSM) [12] is one of the most elegant extensions
of the SM and it addresses the above mentioned issues. The
Higgs sector of it contains a pair of Higgs doublets which
after symmetry breaking gives two CP even Higgs bosons,
h, H, and one CP odd (pseudo-scalar) Higgs boson, A, and
two charged Higgs bosons H± [13–20]. The predicted upper
bound on the mass of the lightest Higgs boson (h) up to three-
loop level is consistent [21–24] with the recently observed
Higgs boson at the LHC. The efforts to test the predictions
of MSSM or its variants already are under way and the cur-
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rent run at the LHC will shed more light on them. One of
them could be to look for a CP odd Higgs boson in the gluon
fusion through heavy fermions as its coupling is appreciable
for small and moderate tan β, the ratio of vacuum expecta-
tion values vi , i = 1, 2. In addition, a large gluon flux can
boost the cross section.
Since the leading order production mechanism of the
pseudo-scalar Higgs boson of mass mA is through heavy
quarks, the cross section is not only proportional to tan β
but also the square of the strong coupling constant. Like
the scalar Higgs boson in the SM, the leading order pre-
diction of the pseudo-scalar Higgs boson production at the
hadron colliders suffers from theoretical uncertainties that
are large, particularly due to the renormalization scale μR
arising from the strong coupling constant, and are mild due
to the factorization scale μF in the parton distribution func-
tions. Predictions based on one-loop perturbative Quantum
Chromodynamics (pQCD) corrections [25–28] reduce these
uncertainties (in the conventional range with the central scale
μ = mA/2 and mA = 200 GeV) from about 48 to 35 %,
while increasing the LO cross section substantially, by as
much as 67 %. The effective theory approach in the large
top quark mass limit provides an opportunity to go beyond
NLO. Such an approach [28,29] in the case of scalar Higgs
boson production [30–32] turned out to be most successful,
as the finite quark mass effects at NNLO level were found
to be within 1 % [33–37]. NNLO predictions in the effective
theory for the production of pseudo-scalar Higgs boson at
the hadron colliders are already available [32,38,39]. The
calculations were further performed after considering the
finite mass of the top quarks in [40,41]. The NNLO cor-
rection increases the NLO cross section by about 15 % and
reduces the scale uncertainties to about 15 %. Due to the large
gluon flux at the threshold, namely when the mass of pseudo-
scalar Higgs boson approaches the partonic center of mass
energy, the cross section is dominated by the presence of
soft gluons. These contributions often can spoil the reliabil-
ity of the predictions based on fixed order perturbative com-
putations. Resummation of large logarithms resulting from
soft gluons to all orders in perturbation theory provides the
solution to this problem. The systematic predictions based
on the next-to-next-to-leading log (NNLL) resummed result
[42–50] demonstrate the reliability of the approach and also
reduce the scale uncertainties.
A complete calculation at NNLO [30–32] and leading log-
arithms at N3LO in the threshold limit [43–47] and NNLL
soft-gluon resummation [42] for the scalar Higgs boson pro-
duction have been known for more than a decade. Recently
there have been series of works on predicting inclusive scalar
Higgs boson production beyond this level. The computation
of the δ(1 − z) contribution at N3LO in the threshold limit
[51] was the first among them. This was confirmed inde-
pendently in [52]. Later on, the sub-leading collinear log-
arithms were computed in [53,54]. A spin-off of the result
presented in [51] is the computation of the N3LO prediction
for the Drell–Yan production [52,55,56] at the hadron collid-
ers in the threshold limit. In addition, one can obtain N3LO
threshold corrections to the Higgs boson production through
bottom quark annihilation [57] and also in association with
vector boson [58] at the hadron colliders. Later, along the
same direction, the rapidity distribution of the Higgs boson
in gluon fusion [59], Drell–Yan [59], and the Higgs boson
in bottom quark annihilation [60] were obtained at threshold
N3LO QCD.
A milestone in this direction was achieved by Anastasiou
et al. who have now accomplished the complete N3LO pre-
diction [61] of the scalar Higgs boson production through
gluon fusion at the hadron colliders in the effective theory.
These third order corrections increase the cross section by
a few percent, about 2 % and reduce the scale uncertainty
by about 2 %. Using these predictions, it is now possible
to obtain the soft-gluon resummation at N3LL; see [56,62].
In [63], the SM Higgs resummation is performed for the
first time in the soft-collinear effective field theory (SCET)
approach to N3LL. We also note that in the exact theory,
including the finite top mass effects, the three-loop virtual
corrections are already available in [64] and the full result is
yet to be computed.
While the next step in the wish list is to obtain the N3LO
predictions for the pseudo-scalar Higgs boson production
through gluon fusion, the first task in this direction is to obtain
the threshold enhanced cross section at N3LO level. One of
the crucial ingredients is the form factor of the effective com-
posite operators that couple to pseudo-scalar Higgs boson,
computed between partonic states. One- and two-loop results
for them between gluon states were computed for NNLO pro-
duction cross section [38,39,65], the analytical results up to
two-loop level can be found in [65]. These were computed in
dimensional regularization where the space-time dimension
is d = 4 + . Threshold corrections to pseudo-scalar Higgs
boson production at N3LO level requires the knowledge of
the form factors up to three-loop level. We also need to know
one- and two-loop corrections computed to desired accuracy
in , namely up to 2 for one loop and up to  at two loops. In
[66], we obtained the three-loop form factors of the effective
composite operators between quark and gluon states along
with the lower order ones to the desired accuracy in . In the
present article we will describe how threshold corrections at
N3LO level can be obtained from the formalism developed in
[45,46] using the available information on recently computed
three-loop form factor of the pseudo-scalar Higgs boson [66],
the universal soft-collinear distribution [55], and the operator
renormalization constant [66–68] and the mass factorization
kernels [69,70] known to three-loop level. In addition, we
compute a third order correction to the N -independent part
of the resummed cross section [71,72] using our formalism
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Eur. Phys. J. C (2016) 76 :355 Page 3 of 18 355
[45,46]. We also present the numerical impact of our findings
with a brief conclusion.
The underlying effective theory is discussed in the Sect. 2.
This is followed by a short description of the formalism which
has been employed to compute the soft-plus-virtual cross
section in Sect. 3. We present the analytical results of these
findings in the Sect. 4 up to N3LO in QCD. In Sect. 5, the
N-independent parts of the threshold resummed cross sec-
tion in Mellin space have been presented up to third order
in QCD. Before making our concluding remarks, in Sect. 6
we demonstrate the numerical implications of the fixed order
soft-plus-virtual cross sections to N3LO at LHC.
2 The effective Lagrangian
A pseudo-scalar Higgs boson couples to gluons only indi-
rectly through a virtual heavy quark loop which can be inte-
grated out in the infinite quark mass limit. The effective
Lagrangian [73] describing the interaction between pseudo-
scalar Higgs boson χ A and the QCD particles in the infinitely
large top quark mass limit is given by









where the two operators are defined as
OG(x) = Gμνa G˜a,μν ≡ μνρσ Gμνa Gρσa ,





The symbols Gμνa and ψ represent the gluonic field strength
tensor and the quark field, respectively. The Wilson coeffi-
cients CG and CJ of the two operators are the consequences
of integrating out the heavy quark loop in the effective the-
ory. CG does not receive any QCD corrections beyond one
loop because of the Adler–Bardeen theorem [74], whereas
CJ starts only at second order in the strong coupling con-
stant. These Wilson coefficients are given by [73]



















GF stands for the Fermi constant and cotβ is the mixing
angle in the Two-Higgs-Doublet model. mA and mt sym-
bolize the masses of the pseudo-scalar Higgs boson and top
quark (heavy quark), respectively. The strong coupling con-
stant as ≡ as(μ2R) is renormalized at the mass scale μR and







with S = exp
[
(γE − ln 4π)/2
]
and the scale μ is intro-
duced to keep the unrenormalized strong coupling constant
dimensionless in d = 4 +  space-time dimensions. The
renormalization constant Zas up to O(a3s ) is given by



























βi ’s are the coefficients of the QCD β function [75].
3 Threshold corrections
The inclusive cross section for the production of a colorless
pseudo-scalar at the hadron colliders can be computed using



















where the Born cross section at the parton level including the
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where fa and fb are the parton distribution functions (PDFs)
of the initial state partons a and b, renormalized at the factor-








F ) are the partonic
level cross sections, for the sub-process initiated by the par-
tons a and b, computed after performing the overall operator
UV renormalization at scale μR and the mass factorization at
a scale μF . The variable τ is defined as q2/s with q2 = m2A.
The goal of this article is to study the impact of the soft-
gluon contributions to the pseudo-scalar Higgs boson pro-
duction cross section at hadron colliders. The infrared safe
contribution is obtained by adding the soft part of the cross
section to the ultraviolet (UV) renormalized virtual part and
performing the mass factorization using appropriate counter
terms. This combination is often called the soft-plus-virtual
(SV) cross section, whereas the remaining portion is known
as the hard part. Thus, we write the partonic cross section as
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F ) = ΔA,SVab (z, q2, μ2R, μ2F )
+ΔA,hardab (z, q2, μ2R, μ2F ) (3.5)






F ) contain only distributions of the kind
δ(1 − z) and Di , where the latter one is defined through
Di ≡
[





On the other hand, the hard part ΔA,hardab contains all the terms
regular in z. The SV cross section in z-space is computed in









where Ψ Ag (z, q
2, μ2R, μ
2
F , ) is a finite distribution and C is
the Mellin convolution defined as
Ce f (z) = δ(1 − z) + 1
1! f (z) +
1
2! f (z) ⊗ f (z) + · · · .
(3.8)
Here ⊗ represents Mellin convolution and f (z) is a distri-
bution of the kind δ(1 − z) and Di . The subscript g signifies
the gluon initiated production of the pseudo-scalar Higgs
boson. The equivalent formalism of the SV approximation
is in the Mellin (or N -moment) space, where instead of dis-
tributions in z the dominant contributions come from the
meromorphic functions of the variable N (see [71,72]) and
the threshold limit of z → 1 is translated to N → ∞. The
Ψ Ag (z, q
2, μ2R, μ
2
F , ) is constructed from the form factors
F Ag (aˆs, Q2, μ2, ) with Q2 = −q2, the overall operator
UV renormalization constant Z Ag (aˆs, μ
2
R, μ
2, ), the soft-
collinear distribution Φ Ag (aˆs, q
2, μ2, z, ) arising from the
real radiations in the partonic sub-processes and the mass
factorization kernels Γgg(aˆs, μ2F , μ
2, z, ). In terms of the
above-mentioned quantities it takes the following form, as
presented in [46,55,57]:
Ψ Ag (z, q
2, μ2R, μ
2
F , ) = (ln[Z Ag (aˆs, μ2R, μ2, )]2
+ ln |F Ag (aˆs, Q2, μ2, )|2)δ(1 − z)
+ 2Φ Ag (aˆs, q2, μ2, z, ) − 2C ln Γgg(aˆs, μ2F , μ2, z, ).
(3.9)
In the subsequent sections, we will demonstrate the method-
ology to get these ingredients to compute the SV cross section
of pseudo-scalar Higgs boson production at N3LO. In par-
ticular, in Sect. 3.1, we show how to obtain the relevant form
factor that goes into the computation of pseudo-scalar pro-
duction through gluon fusion, using the form factors obtained
in our earlier work [66]. In Sect. 3.2, we calculate the oper-
ator renormalization constant from the relevant UV anoma-
lous dimensions. Mass factorization is discussed very briefly
in Sect. 3.3. Finally, we explain the relevant soft-collinear
distribution in Sect. 3.4.
3.1 The form factor
The quark and gluon form factors represent the QCD loop
corrections to the transition matrix element from an on-shell
quark–antiquark pair or two gluons to a color-neutral opera-
tor O . For the pseudo-scalar Higgs boson production through
gluon fusion, we need to consider two operators OG and OJ ,
defined in Eq. (2.2), which yield in total two form factors.










where n = 0, 1, 2, 3, . . .. In the above expressions |Mˆλ,(n)g 〉
(λ = G, J ) is the O(aˆns ) contribution to the unrenormal-
ized matrix element described by the bare operator [Oλ]B .
In terms of these quantities, the full matrix element and the



















where Q2 = −2 p1.p2 = −q2 and pi (p2i = 0) are the
momenta of the external on-shell gluons. Note that |MˆJ,(n)g 〉
starts at n = 1 i.e. from the one-loop level.
The form factor for the production of a pseudo-scalar
Higgs boson through gluon fusion, Fˆ A,(n)g , can be written
in terms of the two individual form factors, Eq. (3.11), as
follows:














In the above expression, the quantities Zi j (i, j = G, J )
are the overall operator renormalization constants which are
required to introduce in the context of UV renormalization.
These are discussed in our recent article [66] in great detail.
The ingredients of the form factor F Ag , namely, FGg and F Jg
have been calculated up to three-loop level by some of us
and presented in the same article [66]. Using those results
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we obtain the three-loop form factor for the pseudo-scalar
Higgs boson production through gluon fusion. In this sec-
tion, we present the unrenormalized form factors Fˆ A,(n)g up














We present the unrenormalized results for the choice of the
scale μ2R = μ2F = q2 as follows:
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Fˆ A,(3)g = n f C(2)J
{













































































































































































































































































The results up to two-loop level is consistent with the existing
ones [65] and the three-loop result is the new one.
3.2 Operator renormalization constant
The strong coupling constant renormalization through Zas
is not sufficient to make the form factor F Ag completely UV
finite; one needs to perform additional renormalization to
remove the residual UV divergences. This additional renor-
malization is called the overall operator renormalization; it
is performed through the constant Z Ag . This is determined by













In the above expression, the γ Ag,i are the UV anomalous
dimensions where the components are defined through the







The γ Ag,i are determined by explicitly comparing the results of
the form factors, Eq. (3.14), against the universal decomposi-
tion [65] of the form factors in terms of soft, cusp, collinear
and UV anomalous dimensions. The universal decomposi-
tion follows from the property of the form factor that it sat-
isfies the KG-differential equation [76–80]. This is a direct
consequence of the facts that QCD amplitudes exhibit the
factorization property, and the gauge and renormalization
group (RG) invariances. The γ Ag,i up to three loops (i = 3)
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Let us emphasize and note that the γ Ag,i ’s are found to satisfy
γ Ag = −
β
as
up to three loops, (3.18)
where β = −∑∞i=0 βi ai+2s is the usual QCD β-function.
For a more elaborate discussion, see the recent article [66]
(also see [67,68]). Using the results of γ Ag,i from Eq. (3.17)
and solving the above RG equation, we obtain the overall
renormalization constant up to three-loop level:





































































































We emphasize that Z Ag = ZGG , which is introduced in
Eq. (3.12), has been discussed in great detail in [66]. The
complete UV finite form factor [F Ag ]R in terms of this Z Ag is
[F Ag ]R = Z Ag F Ag . (3.20)
This is presented in our recent article [66] up to three loops
in the form of hard matching coefficients of soft-collinear
effective theory.
3.3 Mass factorization kernel
The UV finite form factor contains additional divergences
arising from the soft and collinear regions of the loop
momenta. In this section, we address the issue of collinear
divergences and describe a prescription to remove them. The
collinear singularities that arise in the massless limit of par-
tons are removed in the MS scheme using mass factorization
kernel. The kernel contains only the poles in  and Altarelli–
Parisi splitting functions. For the SV cross section only the
diagonal parts of the splitting functions and kernels con-
tribute.
3.4 Soft-collinear distribution
The resulting expression from form factor along with opera-
tor renormalization constant and mass factorization kernel
is not completely finite, it contains some residual diver-
gences which get canceled against the contribution arising
from soft-gluon emissions. Hence, the finiteness of ΔA,SVg
in the limit  → 0 requires that the soft-collinear distribu-
tion, Φ Ag (aˆs, q
2, μ2, z, ), has a pole structure in  similar
to that of residual divergences. In the articles [45,46] it was
shown that Φ Ag must obey a KG type integro-differential
equation, which we call the KG equation [45,46], to remove
the residual divergences. However, due to the universality of
the soft-gluon contribution, Φ Ag must be the same as that of
the Higgs boson production in gluon fusion:
Φ Ag = ΦHg = Φg. (3.21)
In the above expression, Φg is written in order to emphasize
the universality of these quantities i.e. ΦHg can be used for
any gluon fusion process, these are independent of the opera-
tor insertion. The result up to three-loop level was presented
in the article [32,55]. The three-loop one was obtained by
using the results of the Higgs boson production cross sec-
tion at threshold at N3LO QCD [51]. This completes all the
ingredients required to compute the SV cross section up to
N3LO that are presented in the next section.
4 SV cross sections
In this section, we present our findings of the SV cross section
at N3LO along with the results of previous orders. Expanding
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Here, we present the results of the pseudo-scalar Higgs boson
production cross section up to N3LO for the choices of the














g,0 = δ(1 − z),
Δ
A,SV




































































































































































































































































































































































The SV cross section up to NNLO are in agreement with the
existing ones, computed in the article [32,38,39]. The result
at N3LO i.e. ΔA,SVg,3 is the new one computed in this article
for the first time.
5 Threshold resummation
Despite the spectacular accuracy of the fixed order results
which are defined in power series expansions of the strong
coupling constant as , it is necessary, in certain cases, to resum
the dominant contributions to all orders in as to get more
reliable predictions and to reduce the scale uncertainties sig-
nificantly. In case of threshold corrections, due to soft-gluon
emission the fixed order pQCD calculation may yield large
threshold logarithms of the kind Di , defined in Eq. (3.6),
hence we must resum these contributions to all orders in as .
The resummation of these so-called Sudakov logarithms is
usually pursued in Mellin space using the formalism devel-
oped in [71,72,81,82]. Alternatively, it is performed in the
123
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framework of SCET [83–89]. Here, we will discuss this in
the context of Mellin space formalism.
5.1 Mellin space prescription
Under this prescription, the threshold resummation is per-
formed in Mellin-N space where the N th order Mellin
moment is defined with respect to the partonic scaling vari-
able z. In Mellin space, the threshold limit z → 1 corre-
sponds to N → ∞ and the plus distributions Di , Eq. (3.6),
take the form lni−1 N . These logarithmic contributions are
evaluated to all orders in perturbation theory by performing






F ) = C A,thg (q2, μ2R, μ2F )Δg,N (q2) . (5.1)
The component C A,thg depends on both the initial and the final
state particles, though it is independent of the variable N . On
the other hand, the remaining part Δg,N does not care about
the details of the final state particle, it only depends on the
initial state partons and the variable N . Being independent
of the nature of the final state, Δg,N can be considered as
a universal quantity which is the same for any operator. In
addition, it is investigated in the articles [71,72] that it arises
solely from the soft-parton radiation and it resums all the per-
turbative contributions ans ln
m N (m ≥ 0) to all orders. Our
goal is to calculate the threshold resummation factor C A,thg ,
which encapsulates all the remaining N -independent contri-
butions to the resummed partonic cross section (5.1). Below,
we demonstrate the prescription based on our formalism to
calculate this quantity C A,thg order by order in perturbation
theory.
In the article [46], it was shown how the soft-collinear dis-
tribution Φ Ag (= Φg) captures all the features of the N -space
resummation. In this section, we discuss that prescription
briefly in the present context. Using the well-known identity
1




δ(1 − z) +
(
1






















2(1 − z)2), 
)})
+


























g, j () (5.3)
where AAg is the cusp anomalous dimension corresponding to
the gluonic operator. All the poles in  are contained within
K
A
g and the finite terms are dumped into G
A
g . The components
K
A
g, j () are defined through the expansion of K
A
g in powers




















g, j (). (5.4)
The identification of the first plus distribution part of Φ Ag ,
Eq. (5.3), with the factor contributing to the process inde-





















2(1 − z)2)) = 2Gg
(
as(q2(1 − z)2), 
) |=0. (5.6)
In the above expression, the superscript A has been omitted
to emphasize the universal nature of these quantities. The
remaining part of the Eq. (5.3) along with the other parts,
namely, form factor, operator renormalization constant and
mass factorization kernel in Eq. (3.9) contribute to C A,thg .
Expanding this in powers of as as





g, j , (5.7)
we determine C A,thg, j up to three-loop ( j = 3) order which are
provided below (with the choice μ2R = μ2F = q2):
C A,thg,1 = CA{8 + 8ζ2},






































































































































The above new result of C A,thg,3 along with the universal fac-
tor Δg,N provide the threshold resummed cross section of
the pseudo-scalar Higgs boson production at N3LL accuracy.
A more elaborate discussion of this prescription to perform
threshold resummation will be presented elsewhere.
6 Numerical impact of SV cross section
In this section, we present our findings on the numerical
impact of threshold N3LO predictions in QCD for the pro-
duction of a pseudo-scalar Higgs boson at the LHC and
also make comparison with the corresponding results for
the SM Higgs boson. While we have all the ingredients
up to three-loop level, the one of the Wilson coefficients,
namely, C (2)J is known only to two-loop level. Note that
CG is exact due to Adler–Bardeen theorem [74]. Due to
the unavailability of C (2)J in the literature, we discuss the
impact of missing three-loop contribution later on in this
section by varying this quantity. As we are interested in
quantifying the QCD effects, we assume that pseudo-scalar
Higgs boson couples only to top quarks. Hence, the domi-
nant contribution resulting from bottom quark initiated pro-
cesses can be included in a systematic way in our numerical
study but we do not perform it here. Moreover, our predic-
tions are based on the effective theory approach where the
top quarks are integrated out and we have only light quarks.
Like in the case of predictions for the scalar Higgs boson pro-
duction in the effective theory, for the pseudo-scalar Higgs
boson production we multiply the Born cross section com-
puted using the finite top mass (mt = 172.5 GeV) with
higher orders which are obtained in the effective theory.
Without loss of generality, we normalize the cross section
by cot2β. The mass of the pseudo-scalar Higgs boson is
taken to be mA = 200 GeV. We use MSTW2008 [90] par-
ton distribution functions (PDFs) throughout where the LO,
NLO, and NNLO parton level cross sections are convoluted
with the corresponding MSTW2208lo, MSTW2008nlo,
and MSTW2008nnlo PDFs, while for the N3LOSV cross
sections we use the MSTW2008nnlo PDFs. The strong
coupling constant is provided by the respective PDFs from
LHAPDF with αs(mZ ) = 0.1394(LO), 0.12018(NLO), and
0.11707(NNLO).





, K(2) = σ
NNLO
σLO




In Fig. 1, for LHC13, we plot the pseudo-scalar Higgs
boson production cross section as a function of its mass mA.





dσ (pp → A) (pb)
LHC 13 TeV
MSTW 2008













K-factors dσ (pp → A) (pb)
LHC 13 TeV
MSTW2008










Fig. 1 Pseudo-scalar Higgs boson production cross section (left panel) for LHC13 and the corresponding K-factors (right panel). The observed
spike at 345 GeV indicates the top quark pair threshold region
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Fig. 3 Pseudo-scalar Higgs boson production cross sections as a function of
√
S (left panel) and the corresponding K-factors (right panel)
beyond the top pair threshold (τA > 1), due to change in
the functional dependence of τA one finds a spike at 2mt
(left panel). We note here that the effective theory (EFT)
formalism formally holds only for the pseudo-scalar masses
up to top pair threshold. However, from the knowledge of
the QCD corrections to the Higgs boson production up to
NNLO, we notice that below the top pair threshold, the
difference between the results of EFT and the finite top
contributions is about 5 % and is even smaller at NNLO,
about 1 %. We assumed the same to hold in the QCD
corrections for pseudo-scalar production for scalar masses
above the top pair threshold. The corresponding K-factors
are given in the right panel and are in general found to
increase with mA. The NLO correction enhances the LO
predictions by as much as 100 % for mA = 1 TeV, whereas
the NNLO correction adds about an additional 45 %. On
the other hand the N3LOSV correction is found to be about
1.5 % of LO for small mass region mA < 300 GeV and
for higher mA values the correction at the N3LOSV level
becomes even smaller, about 0.3 % for mA = 1 TeV. In
either case, these N3LOSV effects show a convergence of
the perturbation series. In Fig. 2, we present similar results
but only for pseudo-scalar masses below the top pair thresh-
old, where the effective theory approximation works very
well.
In Fig. 3, we present the cross sections as a function of
the center of mass energy
√
S of the incoming protons at the
LHC. The increase in the cross sections (left panel) with
√
S
is simply because of the increase in the corresponding parton
fluxes for any given mA. On the contrary, the corresponding
K-factors (right panel) increase with decreasing
√
S for fixed
mA. A similar pattern is shown both in Figs. 1 and 2 where
the K-factors increase with mA for a given
√
S. The guid-
ing principles for the behavior of the K-factors in these two
123
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Table 1 K-factors for the Higgs and pseudo-scalar Higgs boson pro-
duction cross sections up to N3LOSV for different energies at LHC.
Here, mH = mA = 125 GeV
√
S TeV SM Higgs Pseudo-scalar
K(1) K(2) K(3) K(1) K(2) K(3)
7 1.83 2.31 2.44 1.84 2.34 2.37
8 1.79 2.27 2.40 1.81 2.29 2.33
10 1.74 2.19 2.33 1.76 2.22 2.26
13 1.68 2.10 2.24 1.69 2.13 2.18
14 1.66 2.08 2.22 1.67 2.10 2.16
cases are the same, namely, as mA approaches
√
S, the cross
sections are dominated by large soft-gluon effects.
The QCD corrections to pseudo-scalar Higgs boson pro-
duction are found to be similar to those of the SM Higgs
production due to universal infrared structure of the gluon
initiated processes. We give a numerical comparison between
their K-factors at various orders. We take mH = mA = 125
GeV and ignore bottom as well as other light quarks and elec-
tro weak effects for both cases. Although the full N3LO QCD
corrections are already available for the SM Higgs boson, for
comparison we take into account only the N3LOSV. Table 1
contains the K-factors, defined in Eq. (6.1) up to N3LOSV
in QCD for both the Higgs and the pseudo-scalar Higgs
boson as a function of
√
S. For this mass region, the QCD
corrections are positive and hence the K-factors increase
with the order in the perturbation theory. Moreover, these
K-factors, following the line of argument given before, are
found to decrease with
√
S but they are identical in both
cases. The difference between the Higgs and the pseudo-
scalar Higgs boson cross sections in their respective K-factors
is noticed at the second decimal place only. At three-loop
level, K(3) is found to be around 2.4(2.2) for the 7(14) TeV
case.
The tiny difference between them can be attributed to the
presence of an additional operator present in the effective
interaction, namely OJ , which along with the matching coef-
ficient formally enters from NNLO onwards for the gluon ini-
tiated processes. For quark–antiquark initiated processes, this
contribution vanishes as the quark flavors are massless. The
gluon initiated processes involving only OJ can contribute
at N4LO and beyond. However, the interference effects of
OG and OJ will show up in the gluon initiated processes
at NNLO. Thus, the operator OJ has non-zero contributions
at the lowest order namely at two-loop level. However, the
presence of such an interference contribution is found to be
very small and is the main difference between the SM Higgs
and the pseudo-scalar Higgs boson contribution. The QCD
corrections through soft- and collinear-gluon emissions for
this interference contribution will be of even higher order
and hence will contribute at the three-loop level and beyond.
In Table 2, we present the Higgs and pseudo-scalar Higgs
boson production cross sections up to N3LOSV as a func-
tion of the scalar mass around 125 GeV. The pseudo-scalar
Higgs boson cross section is about twice as big as that of
the Higgs boson and the convergence of perturbation series
is good and the K-factors are roughly the same for both
cases.
We have also studied the impact of missing three-loop
contribution to CJ i.e. C
(2)
J . At higher orders starting from
N3LOSV onwards, the second term, C
(2)
J , in the Wilson coef-
ficient CJ can give a non-zero contribution. To estimate the
numerical impact of this term, we assume the following form













and we vary the parameters a, b, and c in the range [−10, 10].
We found that the contribution of such a C (2)J term changes
the cross sections only at the third decimal place and hence
we ignore its contribution in the rest of our phenomenological
study.
Since the predictions are sensitive to the choice of parton
density functions, we have estimated the uncertainty result-
ing from them by choosing the central fit for various well
known PDF sets such ABM11 [91], CT10 [92], MSTW2008
[90] and NNPDF23 [93]. For N3LOSV cross sections, how-
ever, we use NNLO PDF sets. The corresponding strong cou-
pling constant is directly taken from the LHAPDF [94]. In
Table 3, we present the SM Higgs boson and pseudo-scalar
Higgs boson production cross sections at NLO, NNLO, and
N3LOSV for LHC13. We find that for NLO, CT10 gives
the lowest cross section, while MSTW2008 gives the high-
est, whereas for NNLO and N3LOSV, ABM11 gives the
lowest and NNPDF23 gives the highest. The percentage
uncertainty arising from PDF sets at any order is defined
Table 2 Higgs and
pseudo-scalar Higgs boson cross
sections up to N3LOSV for
LHC13
Mass SM Higgs Pseudo-scalar
LO NLO NNLO N3LOSV LO NLO NNLO N3LOSV
124 20.32 34.08 42.76 45.60 47.02 79.46 100.03 102.54
125 20.01 33.58 42.13 44.92 46.32 78.35 98.61 101.06
126 19.70 33.10 41.51 44.26 45.63 77.26 97.22 99.62
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Eur. Phys. J. C (2016) 76 :355 Page 13 of 18 355
Table 3 PDF uncertainties in
the Higgs and pseudo-scalar
Higgs boson production cross
sections up to N3LOSV for
LHC13 and for
mH = mA = 125 GeV
PDF set SM Higgs Pseudo-scalar
NLO NNLO N3LOSV NLO NNLO N3LOSV
ABM11 33.19 39.59 41.99 77.42 92.66 94.64
CT10 31.79 41.84 44.67 74.15 97.94 100.44
MSTW2008 33.59 42.13 44.92 78.35 98.61 101.06
NNPDF 23 33.55 43.01 45.87 78.26 100.70 103.19
as (σ Amax − σ Amin)/σ Amin × 100 where σ Amax and σ Amin are the
highest and lowest cross sections at any order obtained from
the PDFs considered, respectively. These PDF uncertainties
in the case of Higgs boson cross sections are about 5.7 % at
NLO, 8.6 % at NNLO and 9.2 % at N3LOSV. For pseudo-
scalar Higgs boson production the cross sections are approx-
imately twice the Higgs cross sections, but the percentages
of PDF uncertainties are almost the same.
The SV corrections give a rough estimate of the fixed
order (FO) QCD corrections and are often useful in absence
of the latter. However, the relative contribution of these SV
corrections to the full FO results crucially depends on the
kinematic region and in some cases on the process that we
study. For the SM Higgs or pseudo-scalar Higgs boson with
a mass of about 125 GeV, it is far from the threshold region
τ = m2H/S → 1 for
√
S = 13 TeV. Since the parton
fluxes corresponding to this mass region are very high, apart
from the threshold logarithms the contributions of the regular
terms as well as of other sub-processes present in the FO cor-
rections are expected to be reasonably very high. For a Higgs
or pseudo-scalar Higgs boson, the prediction at NLOSV level
differs from the LO by only a few percent, whereas the reg-
ular terms at NLO contribute significantly and increase LO
prediction by about 70 %. Similar is the case even at NNLO.
Thus the SV corrections poorly estimate the FO ones, how-
ever, if we redefine the hadron level cross sections without
affecting the total cross sections in such a way that the par-
ton fluxes peak near the threshold region [51,59,95], then the
SV contributions can be shown to dominate over the regu-
lar ones. This is due to arbitrariness involved in splitting the
parton level cross section in terms of threshold enhanced and
regular ones. Using a regular function G(z), we can write the
hadronic cross section as



























where Δ(z)/G(z) can be decomposed as
Δ(z)/G(z) = ΔSV(z) + Δ˜hard(z). (6.4)
In the above equation the ΔSV is independent of G(z) (if
limz→1 G(z) → 1) and contains only distributions, whereas
the hard part Δ˜hard is modified due to G(z). Hence the SV
part of the cross section at the hadron level depends on the
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Fig. 4 Modified soft-plus-virtual vs. fixed order results for Higgs and pseudo-scalar Higgs boson production cross sections for different energies
at LHC
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Fig. 5 Scale uncertainties associated with the pseudo-scalar Higgs boson production cross sections for LHC13. Variation with μR keeping
μF = mA fixed (left panel). Variation with μF keeping μR = mA fixed (right panel)
dominates over Δ˜hard in such a way that almost the entire
NLO and NNLO corrections (Eq. (6.3)) results from ΔSV
alone. As was noted earlier, G(z) = 1 corresponds to the
standard SV contribution. Note that the flux Φab is modi-
fied to Φmodab (y) = Φab(y)G(τ/y), which is responsible for
this behavior. We may denote the SV cross sections thus
obtained with these modified fluxes as NLO(sv), NNLO(sv),
and N3LO(sv) while those obtained with the normal fluxes
as NLOsv, NNLOsv, and N3LOsv. In Fig. 4, we depict the
comparison between the SV cross sections obtained from
the modified parton fluxes using G(z) = z2 and the nor-
mal fixed order results that are obtained from the standard
parton fluxes, for both the SM Higgs boson (left panel) and
the pseudo-scalar Higgs boson (right panel). We notice that
the SV results are significantly closer to the corresponding
fixed order ones. Incidentally, this agreement is good for
NLO as well as for NNLO where different sub-processes
appear, and also for several values of
√
S where the inte-
gration range over the parton fluxes is different. While this
could be purely accidental, this good agreement might hint
at some subtle hidden aspect and might be useful in the
phenomenology.
Motivated by the above observation, one can convolute
the perturbative coefficients Δ(3)SV with the modified parton
fluxes Φmodab (y) for the choice of G(z) = z2 to get N3LO(sv),
which could approximate the full N3LO result. This way, we
present in Fig. 4 the SV corrections obtained using G(z) = 1
and G(z) = z2 for Higgs as well as pseudo-scalar Higgs
boson productions.
Next, we present the scale (μR, μF ) uncertainties up to
N3LOSV in Fig. 5 for the choice of mA = 200 GeV. In the
rest of our numerical analysis for studying the scale uncer-
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Fig. 6 Scale uncertainties associated with the pseudo-scalar Higgs
boson production cross sections for LHC13 with μ = μR = μF
choice G(z) = z2 at three-loop level. In the left panel, we
vary the renormalization scale μR between mA/4 and 4mA,
keeping μF = mA fixed. Unlike the Drell–Yan process, for
the pseudo-scalar Higgs boson production the renormaliza-
tion scale μR enters even at LO through the strong coupling
constant as . This is identical to the SM Higgs boson produc-
tion in the gluon fusion channel. This is the main source of
large scale uncertainty at LO. It gets significantly reduced
when we include NLO and NNLO corrections as expected
and it continues to do so at N3LO level. In the right panel,
we show the factorization scale uncertainties by varying μF
from mA/4 to 4mA and fixing μR = mA. Here, the fixed
order results show improvement in the reduction of factor-
ization scale uncertainty from NLO to NNLO. However, due
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Fig. 7 Renormalization scale (μR) uncertainties associated with the Higgs (left panel) and pseudo-scalar Higgs boson (right panel) production
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Fig. 8 Factorization scale (μR) uncertainties associated with the Higgs (left panel) and pseudo-scalar Higgs boson (right panel) production cross
sections for LHC13, keeping μR = mH = mA fixed
to the lack of parton distribution functions at N3LO level
and also due to the missing regular contributions from the
parton level cross sections, the N3LOSV cross sections do
not show any improvement of the factorization scale uncer-
tainties. However, we observe that with the modified parton
fluxes, the factorization scale uncertainties in N3LO(SV) get
significantly reduced compared to N3LOSV. In Fig. 6, we
show the combined effect of μR and μF scale uncertain-
ties by varying the scale μ between mA/4 and 4mA, where
μ = μR = μF . Here, the NNLO cross sections show a good
improvement over the NLO ones against the scale variations,
while the N3LO(SV) cross sections are found to be more sta-
ble than the NNLO ones.
Further, we also study the renormalization and factoriza-
tion scale variations of both the cross sections for the pro-
duction of the SM Higgs boson and the pseudo-scalar Higgs
boson for mH = mA = 125 GeV by varying them between
mA/4 and 4mA. In Fig. 7, the renormalization scale uncer-
tainties are given for Higgs boson (left panel) and for pseudo-
scalar Higgs boson (right panel), for μF = mA = mH .
In Fig. 8, we present similar results but for the factoriza-
tion scale uncertainties keeping μR = mH = mA. More-
over, in Fig. 9, we present the combined effect by varying
μ = μR = μF . The pattern of the results for μR and μF
and the combined variations are similar to the earlier anal-
ysis for mA = 200 GeV where the renormalization scale
uncertainties get stabilized further after including the third
order threshold corrections, while the scale uncertainties due
to μ = μR = μF variation get significantly improved at
N3LO(SV) than at NNLO.
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Fig. 9 Scale (μ = μR = μF ) uncertainties associated with the Higgs (left panel) and pseudo-scalar Higgs boson (right panel) production cross
sections for LHC13
7 Conclusions
In this paper, using the pseudo-scalar Higgs boson form fac-
tors that have recently become available up to three loops
and the third order soft function from the real radiations, a
complete N3LO threshold correction to the production of a
pseudo-scalar Higgs boson at the LHC has been obtained.
The computation is performed using the z space representa-
tion of the resummed cross section. We have exploited the
universal structure of the soft function that appears in scalar
Higgs boson production at the LHC. We found that the sin-
gularities resulting from soft and collinear regions in the vir-
tual diagrams cancel against those from the universal soft
functions as well as from mass factorization kernels. Using
our approach, we have also computed the process dependent
coefficient that appears in the threshold resummed cross sec-
tion. This will be useful for resummed predictions at N3LL
in QCD. Using threshold corrected N3LO results, we have
presented a detailed phenomenological study of the pseudo-
scalar Higgs boson production at the LHC for various center
of mass energies as a function of its mass. While the third
order corrections are small, they play an important role in
reducing the theoretical uncertainty resulting from renormal-
ization scale. In addition, we have made a detailed compar-
ison against scalar Higgs boson production and found their
corrections are very close to each other confirming the uni-
versal behavior of the QCD effects even though the operators
responsible for their interactions with gluons are very differ-
ent.
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